Manganese dioxide nanosheet arrays with interconnected arrangements are easily synthesized on vapor grown carbon fibers (MnO 2 NSAs@VCFs) by a simple wet-chemical method at low temperature. The conductive nature of the VCFs serves as a scaffold and easily reduces potassium permanganate species for the formation of hierarchical MnO 2 NSAs@VCFs. When utilized as an electroactive material for pseudocapacitors, the sophisticated configuration of the nanocomposite provides an effective electrochemical activity and an electron pathway for higher electrochemical performance in 1 M Na 2 SO 4 aqueous solution.
Introduction
Nowadays, facing the challenges regarding scientific and technological problems of increasing energy consumption is the most serious issue for humanity. Also, the diminishing supply of fossil fuels is problematic as more energy is needed for many urbanizing nations. [1] [2] [3] These factors are greatly influencing the power infrastructure in producing the energy needed. 4 So, it is essential to develop various energy storage devices to replace swiftly depleting fossil fuels without any hazards to the environment. [5] [6] [7] Among the available energy storage devices, supercapacitors have attracted a great deal of attention and are used in many electronic devices because of their light weight, reliable operation, fast charging-discharging and long lifetime. [8] [9] [10] Generally, the energy storage mechanism in supercapacitors is classified into two types, i.e., electric double layer capacitors (EDLCs) and pseudocapacitors. 6 In EDLCs, energy storage takes place non-faradaically by accumulating electric charge at the interface between the electrolyte and electrode material. Reduced graphene oxide, activated carbon, etc. are mostly used as active materials in EDLCs. 11 Meanwhile, pseudocapacitors store electric charge at the electrode-electrolyte interface by continuous redox reactions within the active material. 12 Transition metal oxides and conducting polymer based materials are generally used as an active material for pseudocapacitors. 13, 14 Because of the redox chemistry process, pseudocapacitive materials possess higher electrochemical performances compared to EDLC materials. 15, 16 So far, transition metal hydroxide/oxide based nanostructures, including RuO 2 , Ni(OH) 2 
Experimental section

Chemicals
VCFs were purchased from Showa Denko K.K, Japan. Potassium permanganate (KMnO 4 , ACS reagent, ≥99.0%), sulfuric acid (H 2 SO 4 ) (99.999% pure), nitric acid (HNO 3 ) and sodium sulfate (Na 2 SO 4 ) were purchased from Sigma Aldrich Corp., South Korea. Polyvinylidene fluoride (PVdF, -(C 2 H 2 F 2 ) n -) and N-methyl-2-pyrrolidone (NMP, C 5 H 9 NO) were obtained from Daejung Chemicals Ltd, South Korea.
Synthesis of MnO 2 NSAs@VCFs
The hierarchical MnO 2 NSAs@VCFs nanocomposite was synthesized via a simple and green wet-chemical method. At first, the VCFs were acid-treated with nitric acid under reflux condition for 6 h for functionalization. After that, the VCFs were cleaned with de-ionized (DI) water several times to remove the acidic species and dried at 60°C for 2 h. Then, the acid-treated VCFs (50 mg) were dispersed in a beaker containing 100 ml of DI water and 25 mM of KMnO 4 was added to the above solution under magnetic stirring. After 10 min, 1 ml of H 2 SO 4 was added dropwise to the above mixture and heated at 80°C for 6 h on a hotplate under vigorous stirring. Finally, the precipitate was collected by washing with water after it cooled down to room temperature (RT) and was dried at 60°C overnight.
Characterization
The surface morphologies of the MnO 2 NSAs@VCFs were characterized using a field-emission scanning electron microscope (FE-SEM, Carl Zeiss, LEO SUPRA 55) equipped with an energy-dispersive X-ray spectrometer (EDX). The crystallinity of a prepared sample was observed by using an X-ray diffractometer (XRD, M18XHF-SRA, Mac Science Ltd) with Cu Kα radiation (λ = 0.15406). Raman spectra of the prepared samples were analyzed using a high-resolution Raman spectrometer (HR-Raman Spectrometer, inVia) employing an argon ion laser with an incident wavelength of 514 nm.
Electrochemical measurements
The electrochemical properties of the MnO 2 NSAs@VCFs were characterized by using an IVIUMSTAT electrochemical workstation (IVIUM Technologies) in a three electrode system at RT. Cyclic voltammetry (CV), galvanic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) measurements were conducted using the synthesized MnO 2 NSAs@VCFs composite coated carbon cloth as a working electrode, platinum wire as a counter electrode and Ag/AgCl as a reference electrode in 1 M Na 2 SO 4 electrolyte solution. Here, the working electrode was prepared by mixing 80 wt% of MnO 2 NSAs@VCFs, 10 wt% of super P carbon black and 10 wt% of PVdF as a binder. The mixture was well ground using an agate mortar and then NMP solvent was added dropwise to form a slurry. The obtained slurry was then coated uniformly on the piece of carbon cloth (1 × 1 cm 2 ) and dried at RT. After drying, the electrodes were placed on a hotplate at 120°C for 3 h. The specific capacitance of the active material was calculated using the following formula:
where C s is the specific capacitance (F g −1 ), I is the discharge current (A), Δt is the discharge time (s), m is the mass (g) of the active material and ΔV is the potential window (V). Fig. 1 shows a schematic diagram of the fabrication procedure for MnO 2 NSAs@VCFs. Here, cost-effective, anticorrosive and electrically conductive VCFs were chosen as a scaffold for the growth of MnO 2 NSAs ( Fig. 1(a) ). Initially, the VCFs were acid-treated to enhance the dispersion and to decrease the hydrophobic nature and van der Waals forces among them, as shown in Fig. 1 were gradually absorbed and precipitated on the surface of the oxidized VCFs via an interaction between the remaining KMnO 4 and the hydroxyl groups of VCFs under the thermal conditions as shown in Fig. 1(c) . 
Results and discussion
The redox reaction between the KMnO 4 and VCFs occurred slowly in the solution under stirring at RT. Upon heating at 80°C, the growth rate increased rapidly, which resulted in the formation of MnO 2 NSAs on the VCF surfaces as shown in Fig. 1(d) . Meanwhile, under neutral growth conditions without the addition of H 2 SO 4 to the growth solution, the KMnO 4 acted as a 'weak oxidizing agent' due to the much lower posi-
− ions by water. 36 In addition, in the absence of the VCFs in the growth solution, we did not observe any product after the completion of the growth process. This indicates that the VCFs not only play a crucial role in reducing the KMnO 4 under acidic conditions, but are also helpful in the growth of the MnO 2 NSAs on their surfaces. The morphologies of the bare VCFs and the hierarchical MnO 2 NSAs@VCFs composite are shown in Fig. 2 . As shown in Fig. 2(a) , the VCFs showed a regular fiber-like structure and their diameter was found to be ∼120 nm. After completion of the growth process, as displayed in Fig. 2(b) , the prepared sample was uniformly decorated on the surface of VCFs. As can be clearly seen in the increased magnification image (Fig. 2(c) ), forest-like MnO 2 NSAs were densely gathered on the VCFs, to give an increased diameter of ∼415 nm as compared to the bare VCFs. This indicates that a MnO 2 NSA layer had a height of ∼295 nm. Moreover, each NSA had a thickness of around 16-22 nm as shown in Fig. 2(d) . From the EDX analysis of the MnO 2 NSAs@VCFs composite ( Fig. 2(e) ), it can be observed that the presence of Mn, O and C was quite evident without any impurities. Also, the elemental mapping images showed that Mn and O elements were uniformly distributed on the VCFs, which have a high C content as shown in Fig. 2(f ) .
The crystalline structure of the prepared material was characterized by XRD analysis. Fig. 3(a) shows the XRD patterns of the bare VCFs and the MnO 2 NSAs@VCFs composite. For the bare VCFs, the XRD pattern revealed broad peaks at 2θ degrees of 12.7, 41.5, 53.3 and 76.7°and a sharp peak at 25.4°, which are characteristic of a carbon based material. 38 Meanwhile, the MnO 2 NSAs@VCFs composite exhibited four peaks at 12, 24.1, 36.8 and 66.2°which are indexed to the crystal planes of (001), (002), (111) and (312) for MnO 2 , indicating the birnessite-type structure of the material (JCPDS card # 42-1317). 39 The structural properties of the as-prepared MnO 2 NSAs@VCFs composite were further analyzed by HR Raman spectroscopy as shown in Fig. 3 The electrochemical properties of the MnO 2 NSAs@VCFs composite material was investigated using a three-electrode system in a 1 M Na 2 SO 4 electrolyte solution at RT. Fig. 4(a) shows the comparison between the CV curves of the bare VCFs and the MnO 2 NSAs@VCFs at a scan rate of 20 mV s −1 . It can be seen that the bare VCFs showed no/slight response in current, indicating that the contribution of the VCFs to the capacitance is negligible. However, the CV curve of the MnO 2 NSAs@VCFs exhibited relatively high integral CV areas and good rectangular and symmetric shapes, suggesting the fast and reversible surface redox reactions of ideal pseudocapacitive behavior. Usually, in many cases, the specific capacitance is proportional to the integrating area of the CV curve at the same scanning rate. 37 So, it was found that the formed MnO 2
NSAs@VCFs exhibited a higher capacitance than the pristine VCFs and also increased the rate of faradaic reactions due to the increased surface area. Fig. 4(b) shows the CV curves of the MnO 2 NSAs@VCFs at different scan rates. It was noticed that the CV curves were enlarged without any distortion of their shapes as the scan rate was increased from 10 to 100 mV s −1 .
The excellent electrochemical reversibility of the composite is mainly due to its hierarchical architecture and good electrical conductivity, which contributes to the fast intercalation of electrolyte cations (Na + ) with the material during reduction and deintercalation upon oxidation. 40, 41 The GCD analysis was carried out to further confirm the higher electrochemical performance of the composite electrode. Fig. 4(c) shows the GCD curves of the hierarchical MnO 2 NSAs@VCFs electrode between 0 to 1.0 V at different current densities in a 1 M Na 2 SO 4 electrolyte solution. The symmetric nature of all the charge-discharge cycles again shows linear and symmetrical features, demonstrating excellent reversibility and pseudocapacitive nature. The specific capacitance for each GCD curve was calculated from eqn (1) and 10 A g −1 , respectively. The corresponding specific capacitance value as a function of applied current density is plotted in Fig. 4(d) . The specific capacitance decreased gradually as the current density increased. This is either because the electrolyte ions are only absorbed on the outer surface of the material or an insufficient portion of the material is involved in the electrochemical reactions during the quick chargedischarge process. Meanwhile, the electrolyte ions can diffuse deeply inside the active material at a low current density, which results in a higher energy storage performance. 42 But still, the composite material showed a rate capability of 82.1% at a current density of 10 A g −1 , proving the advantages of composite materials for high-rate pseudocapacitors. The maximum capacitance of the MnO 2 NSAs@VCFs composite is higher or comparable to those previously reported, as shown in Table S1 . † The cycling stability is also one of the crucial factors which determine the suitability of active materials for practical applications. Accordingly, the long-term cycling process of the MnO 2 NSAs@VCFs electrode was carried out via repetitive GCD cycles at a high current density of 5 A g −1 in a 1 M Na 2 SO 4 electrolyte solution. The variation in the capacitance retention with increasing the cycle number up to 2000 cycles for the MnO 2 NSAs@VCFs composite electrode is displayed in Fig. 5(a) . After 2000 cycles, the composite material still exhibited a capacitance retention of 85.6%, indicating the long-term cycling stability of the composite material for practical applications. The electrochemical behavior and conductivity of the hierarchical MnO 2 NSAs@VCFs composite was investigated using EIS analysis over a frequency range of 0.01 Hz to 100 kHz with a perturbation amplitude of 5 mV versus opencircuit potential. Fig. 5(b) shows the Nyquist plots of the MnO 2 NSAs@VCFs before and after the long-term cycling process. The plot includes a semicircle in the high frequency region and a sloped line in the low frequency region. The sloped lines (Warburg impedance) for both the curves are due to the ion transportation between the electrolyte and electrode depending on the frequency. Before cycling, the equivalent series resistance (electrolyte resistance, electrode resistance and contact resistance between the electrolyte and electrode), which is measured from the intercept of the curve with the real axis, was observed as 5.05 Ω. But, after completion of the cycling test, this value was slightly increased to 6.13 Ω which may be due to the formation of a solid electrolyte interface. This would act as an obstacle between the active material and electrolyte. The charge transfer resistance (R ct ) between the electrolyte and active material was measured from the diameter of the semicircle shape of the curve. The R ct value of the composite electrode before cycling was 3.46 Ω and, after cycling, it was about 3.67 Ω, which still remains low. This is indicative of the excellent electrochemical conductivity of the MnO 2 NSAs@VCFs composite even after a long-term cycling process. The higher capacitance, rate capability and cycling stability of the composite electrode could be due to the following structural features, as schematically illustrated in Fig. 5(c) . At first, the VCFs provide higher conductivity and can be beneficial for the formation of continuous charge transfer pathways. The hierarchical and ultrathin characteristics of the MnO 2 NSAs on the VCFs increase the surface area, making them completely available to absorb the electrolyte ions (Na + )
for reversible electrochemical reactions via faster electron and ion transport. Moreover, the electrolyte Na + ions can easily penetrate into the small gaps formed by the interwoven arrangement of the MnO 2 NSAs on the surface of the VCFs, which results in enhanced electrochemical kinetics and improved energy storage properties. All in all, this costeffective approach to fabricate electrochemically conductive composite materials paves a new pathway for high-performance supercapacitor applications.
Conclusion
In summary, hierarchical MnO 2 NSAs@VCFs composite materials were synthesized by a simple and green wet-chemical method at low temperature. Cost-effective VCFs provided a good conductive surface and helped MnO 2 NSA growth over the top of them. The interconnected arrangement of the ultrathin MnO 2 NSAs@VCFs leads to high surface area and good electrochemical conductivity to exhibit the higher electrochemical performance as a pseudocapacitive material in a 1 M Na 2 SO 4 electrolyte solution. The maximum specific capacitance based on the active material weight was about 115.3 F g −1 at 0.5 A g −1 for the MnO 2 NSAs@VCFs composite. Moreover, the fabricated material composite also showed good rate capability and cycling stability at higher current densities. Consequently, the prepared composite material is a promising candidate for high-performance energy storage applications.
